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ABSTRACT: Here we report the observation of negative photoconductance (NPC) effect in 
highly arsenic doped germanium nanowires (Ge NWs) for the infrared light. NPC was studied by 
light assisted Kelvin probe force microscopy (KPFM), which shows the depletion of carriers in 
n-Ge NW in presence of infrared light. The trapping of photo-carriers leads to high 
recombination of carriers in presence of light, which is dominant in the n-type devices. 
Furthermore, carrier trapping model was used to investigate the trapping and detrapping 
phenomena and it was observed that the NPC in n-Ge occurred due to the fast trapping of mobile 
charge carriers by interfacial states. The performance of n-type devices was compared with p-
type NW detectors, which shows the conventional positive photoconductive behavior with high 
gain of 104. The observed results can be used to study the application of Ge NWs for various 
optoelectronic applications involving light tunable memory device applications. 
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Numerous studies utilized positive photoconductance (PPC) in bulk semiconductor 
materials1, 2, thin films3, 4, quantum dots5, 6 and nanowires7, 8 for a range of photovoltaic and 
optoelectronic device applications. However, negative photoconductivity (NPC), an 
unconventional photo-excitation phenomenon in which the photocurrent is lower than the dark 
current, has recently been observed in different semiconductors, attributed to trapped charges and 
surface effects. NPC has been found in large band-gap materials like AlN9, p-ZnSe10, GaO311, 
and is described by the phenomenon of sub-bandgap excitation. In these materials, NPC occurs 
due to the abduction of free electrons as a result of photoexcitation by trap states, both extrinsic 
and intrinsic, in the middle of their bandgap. The presence of interfacial charges in nanoparticles 
of metals can also lead to the NPC effect12. 
Recently, negative photoconductance in narrow bandgap InAs nanowires was observed 
due to the depletion of conduction channels by light assisted hot electron trapping13. A similar 
NPC behavior has also been reported in a highly doped silicon nanowire FET under illumination 
of visible light14. In both of these cases, NPC occurred due to interfacial states and hot electron 
trapping by dopant ions. The competitive electron transient between trapping in interfacial states 
and fast recombination of electrons has been shown to depend on the doping concentration13, 14.  
Germanium, particularly in nanostructure form, has been studied extensively for 
photodetection applications due to its high electron and hole mobilities15, 16. As silicon cannot be 
used for C band optical communication for infrared range and III-V materials integrated in Si is 
costly and complicated, germanium on insulator can replace these in field of communication17. 
Single germanium nanowire photodetectors have always shown excellent responsivity (107) and 
high internal gain (~103) in the infrared range18, 19. Diameter dependent photoconductive gain is 
also studied to imply its application in nano-optoelectronics20. Using nanostructures for 
photodetection provides many added advantages like surface effect, which arises from their large 
surface-to-volume ratio and plays an important role in dominating the electrical characteristics. 
The free electrons released due to photon-assisted excitation are strongly affected by carrier 
trapping and/or scattering at the surface localized energy states compared to bulk energy 
states16,21,22. In some cases, in highly doped areas, these are responsible for delays in photocarrier 
recombination by hole trapping at surface states which leads to an enhancement in 
photoconductive gain and an increase in lifetime7. The first reported work on NPC in germanium 
bulk material attributed this phenomenon to the capturing of majority carriers from photothermal 
excitation by shallow levels23. This happens when the contact distance between the two 
electrodes is larger than the traveling distance of majority carriers before being captured. To the 
best of our knowledge, the NPC phenomenon in highly doped n-type NWs in the infrared region 
is not reported yet. 
Here, we present a detailed study of diameter dependent negative photoresponse of n-
type germanium nanowire devices along with the photoconductive behavior of p-type nanowire 
in the infrared range up to 1550 nm of light illumination The familiar case of PPC occurs due to 
the free electrons escaping the valance band when the energy of the incident light is greater than 
the bandgap of the material. Whereas, NPC develops because of the hot electrons being trapped 
at the interfacial states by the dopant ions and also the surface traps states present in the 
conduction band. The KPFM analysis was done to measure the surface potential in the NWs and 
the reverse phenomena was observed indicating the negative photoconductance. This 
phenomenon is generally expected in high doped n-type semiconductors where under 
illumination, the majority carriers (electrons) are trapped by the surface states and donor states. 
The larger detrapping time of electrons than the trapping time accelerates the recombination 
process of photo-carriers and thus reduces the conductivity of the NWs.  
 
 
Fig. 1. Fabricated Ge NW MSM photodetector. a Schematic view and b-c SEM image of 
nanowires of width (b) 100 nm, (c) 80 nm, and (d) 40 nm. 
DEVICE FABRICATION AND ELECTRICAL CHARACTERIZATION  
P-type and n-type NWs were fabricated from Ge on insulator (GeOI) wafers with top Ge 
thickness of 50 nm through top-down approach. The wafers were cleaned by deionized water 
containing 0.5% of HF. A fine oxide layer formed by dipping in a solution of H2O2 and 
deionized water. Later, this oxide is removed by diluted HF dip. Boron and Arsenic doping were 
done with Ion Implantation technique. NWs were patterned using Electron Beam Lithography 
and unexposed resist were removed using developer solution. The substrates were cleaned again 
to remove any residues. Anisotropic etching was done for 30 seconds in Reactive Ion Etching 
with SF6 and oxygen gas with a 10:1 ratio in 40 W rf power. Width of the p-type nanowire was 
100 nm and the length was 10 μm and the width of the n-type nanowires was varied to 100 nm, 
80 nm and 40 nm keeping the length constant at 10 μm. The substrate was again cleaned and was 
patterned for defining contact electrodes through optical lithography. The contacts were made by 
depositing Cr/Au (90 nm thick) by RF sputtering and then patterned by liftoff to for a Metal-
Semiconductor-Metal (MSM) device.  Keithley semiconductor parameter analyzer (SCS4200) 
was used to perform electrical characterization and a Thorlab’s fiber-coupled multi-channel light 
source (MCLS1) was used as light source. For wavelength-dependent measurements, Thorlab’s 
Fiber-Coupled Light Source (SLS201) was used. The light used for the entire measurements was 
having a spot size of 3 mm diameter. The schematic representation and SEM image of the 
devices are shown in Fig. 1.  
 The current-voltage characteristics of n-type Ge NWs of different diameters and p-type 
Ge NW device with a diameter of 100 nm are shown in Fig. 2. Under the exposure of 1550 nm 
light with different optical powers, highly doped n-type Ge-NW devices displayed a negative 
photoresponse. Here, decreasing the diameter of the nanowire resulted in a decrease in the dark 
current and an increase in negative photoresponse. Maximum negative photoresponse was 
observed in the Ge NW with a diameter of 40 nm. The photoresponse is inversely proportional to 
NW diameter due to the larger number of surface states with respect to the total nanowire 
volume with decreasing diameter. The obtained trend in diameter dependent negative response 
for n-type Ge NW agrees with the positive response of the Ge NW photodetectors shown in 
earlier works20, 24. Fig. 2 (d) shows the response of a p-type NW. In comparison with the n-type 
NWs, p-type Ge-NW showed a positive photoresponse for the same wavelength and optical 
power. 
 
Fig. 2.  I-V characteristics of n-type Ge nanowires showing the decrease in photocurrent with 
increasing power for varying diameter a 100 nm, b 80 nm, c 40 nm and d p-type Ge nanowire 
with a diameter 100 nm in dark and under illumination showing an increase in photocurrent with 
increasing optical power for the light of wavelength 1550 nm. 
Interestingly for the n-type NWs, as the intensity of the illuminated light is increased, the 
negative change in photocurrent decreases, whereas for p-type NW, the photocurrent increases 
with intensity of light. In the case of n-type NWs, the free electrons released as a result of photon 
excitation, are trapped by the defect states in the conduction band, which reduces the total 
conductivity of the device. The electrons after getting trapped give rise to a photocurrent which 
is further lower than the dark current. As the incident light intensity is increased, the effect of 
trapping is decreased and the negative photocurrent change is reduced due to the increase in 
amount of free electrons. In contrast to the n-type Ge NWs, the p-type NWs show the 
“traditional” positive photoconductive effect. The photo-excited free majority carriers in the 
device lead to an increase in photocurrent. Here, the holes are the majority carriers and cannot be 
trapped by trap states which results in a positive response compared to n-type NWs. The 
photocurrent increases upon increasing the intensity of the incident light at a wavelength of 1550 
nm, since more charge carriers are released at higher light intensities. 
The relative change in current as a function of different light intensity at the same 
wavelength (1550 nm) is shown in Fig. 3 for n-type NWs and p-type NW. The relative change in 
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The negative photoconductive effect gradually increases with increase in intensity of the incident 
light. After a certain intensity of 0.4 µW/cm2, due to increased number of free electrons, the 
change in photocurrent is reduced significantly. Three sets of devices for each nanowire 
dimension was fabricated which replicated the results with an error of ± 3%. The change in NW 
width also gives the same trend in photocurrent change. For current measured at different 
intensities of light, the photocurrent was always below the dark current value, which suggests 
that the number of trap states was high. The negative change was higher for nanowires with 
diameters around 40 nm, compared to those with diameters of 80 and 100 nm. For p-type 
nanowires the photocurrent increases with the light intensity and start to saturate for larger light 
intensity (above 70 µW/cm2) as shown in Fig. 3 (b). 
Huge change in photocurrent for small change in intensity of light can be helpful in 
designing non-volatile memory devices which requires low power consumption13, 25. When 
illuminated, the device induces a negative photoconductivity and when the light is turned OFF, 
the initial current level (dark current) is achieved very slowly due to high detrapping current. 
This gives a high conductance ratio of high resistive state and low resistive state in a memory 
device. As the Ge NW can operate in near infrared range, it can be used in communication 
devices for the wavelength range of 800 nm to 1550 nm. 
 
 
Fig. 3. Relative change in photocurrent as a function of light intensity. a n-type NWs showing 
increase in NPC with increasing intensity till 0.4 µW/cm2 and the gradual decrease thereafter, 
and b p-type nanowires showing increase in photocurrent with increase in intensity of light. 
 
DISCUSSION 
KPFM analysis. Inorder to understand the mechanism of light-induced hot electrons trapping in 
the n-type NWs, the surface potential was measured using Kelvin probe force microscopy 
(KPFM) in dark and light illumination. Atomic force microscopy (AFM) setup of SCM-PIT from 
Bruker, Inc., USA, was used for KPFM measurements. Pt-Ir coated cantilever was used as the 
AFM tip. In KPFM mode, the normal microscopic lights were turned OFF to measure the contact 
potential difference (CPD) of the NWs in dark conditions. For illumination, infrared light was 
provided externally through an optical fiber which incident with a spot size of diameter 5 mm in 
the substrate. The scan area was fixed to 2 µm in the surface of the NW. KPFM mode in an AFM 
setup was used for the characterization, which measures the difference of potential between the 
tip and the sample. Any physical or chemical changes reflect as a change in the surface potential. 
The light was provided through an optical fiber externally to the measurement setup. Fig. 4 
shows the topology and surface potential of the n-type and p-type nanowires. Fig. 4 (a) and (b) 
show the AFM topography in dark and light conditions for n-type NW, where (e) shows the 
variation in surface potential of the same. Fig. 4 (c) and (d) represents p-type NW in dark and 
light and its surface potential variation is given by (f). For any semiconductor, light illumination 
will cause photo-generated electrons/holes to accumulate at the surface depending upon the 
nature of doping26, 27. This accumulation of electrons/holes enlarges the CPD for n-type and 
reduces the CPD for p-type when the work function of the tip is higher than that of the sample. In 
our case, the measured CPD decreases with the illumination of light for n-type NWs, which is 
contradictory to conventional PPC behavior 26, 27 due to depletion of charge carriers. From Fig. 4 
(e), we can see that the maximum CPD value for the dark condition is around 13 mV in the NW 
while the light is lowered to -3 mV. For p-type NW the average CPD values are 18 mV and -4 
mV for dark and light conditions respectively which are shown in Fig. 4 (f). There is a very small 
difference between CPD observed at the centre and edges of the NW (1-3 meV), which may be 
due to measurement error in KPFM, as when the KPFM probe will scan the edges it may have 
some measurement offset which is different at centre due to height change. 
 
Fig. 4. KPFM analysis. Topology of n-type Ge NW in a dark, and b light conditions and p-type 
NW in c dark, and d light conditions. CPD for dark and light conditions. e n-type Ge NW and  
f p-type Ge NW. 
Hot electrons are the one with kinetic energy and are generated when high energy of light 
is illuminated in the NW. The mean free path for the doping concentration of 1019 cm-3 with a 
mobility28 of 20 cm2/V s is ~ 106 nm. This mean free path is higher than the nanowire width and 
height. Therefore we can say that even for the low energy photons the mean free path is 
comparable to nanowire size. It is possible that, for the photons of energy 0.8 eV, electrons can 
reach out to the surface states and get trapped, which can give rise to NPC. When infrared light is 
illuminated, the photogenerated holes will trap the electrons, decreasing the number of free 
electrons in the NW and increasing the work function difference. Thus, CPD is being lowered 
compared to that of dark condition. Whenever there is a voltage applied to the tip of the 
cantilever, there will be a CPD equal to (Φtip – Φsample)/e where φ  defines the work function and 
e, the elementary charge. The lowering of the CPD indicates the decrease in electrons in the 
sample. A deep look into the band diagram shown in Fig. 5 will further help us to understand the 
phenomenon of the NPC and PPC from the theory of KPFM. Fig. 5 (a) shows the band diagram 
of a highly doped n-type Ge nanowire. As the germanium doping is very high (1 x 1019 cm-3), it 
act as a degenerated semiconductor and the Fermi level energy (EF) is above the conduction band 
(Ec) for n-type due to excess of electrons and below the valance band (Ev) for the p-type NW due 
to excess of holes. The work function difference between the sample (Φn) and the tip of the 
cantilever (Φtip) is given by Φtip– Φn. When the sample is illuminated, free electrons are 
generated and are trapped by the surface traps and thus the total number of electrons decreases. 
This forces the Fermi level of the sample below the conduction band energy (Φ`n) (Fig. 5 (b)). 
Reduction in CPD (Φtip– Φ`n) from the light-induced KPFM analysis is justified by the above 
fact. In case of p++ Ge NW, the Fermi level is below the valence band and represented by Φp (Fig. 
5 (c)). With the illumination of light, the free electrons are released and thus the number of holes 
will also increase, which changes Fermi level work function to Φ`p. Usually, the hot electrons 
generated are responsible for the electron trapping rather than the hot holes29. Therefore in p-type 
NW, the electrons are not confined in trap states. This induces a reduction in Φp which in turn 
reduces the CPD level (Φtip– Φ`p), which is reflected by Fig. 5 (d) in the band diagram and Fig. 4 
(f) in the KPFM analysis. 
This can be further explained by the Fermi level energy and the non-equilibrium electron 
density relationship given by the equation (2)26 
𝑛𝑛 = 𝑁𝑁𝑐𝑐exp [−(𝐸𝐸𝑐𝑐 − 𝐸𝐸𝐹𝐹` )/𝑘𝑘𝐵𝐵𝑇𝑇                        (2) 
and the quasi-Fermi level of n-type can be expressed as 
𝐸𝐸𝐹𝐹` =  𝐸𝐸𝑐𝑐 +  𝑘𝑘𝐵𝐵𝑇𝑇 (ln𝑛𝑛 − ln𝑁𝑁𝑐𝑐)                                               (3) 
where, NC is the conduction band density of states, Ec the bottom of the conduction band, and kB 
the Boltzmann constant. The upward and downward shift of the Fermi level from the equilibrium 
contributes to the Quasi Fermi Level resulting in the CPD change. In contradiction to the ideal n- 
type NW materials, the device is showing a shift in the downward direction, which is responsible 
for the lowering of CPD.  
 The negative photoconductivity can be further explained on the basis of trapping of 
photogenerated electrons in the trap states13, 14. The hot electron density responsible for the trap 
states can be given by the following relations of carrier trapping model13: 
 
Fig. 5. Band diagram of Ge NW. For n-type NWs under a dark condition, b light illumination 
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Where nhot, phot, ntrp, Ntrp, ∆n, ∆p are the densities of hot electrons, hot holes, trapped electrons, 
trap states, excess electrons and excess holes respectively. τth, τr, τtrp, τdtrp are respectively the 
carrier thermalization time, recombination time, trapping and de-trapping time. G is the 
photogeneration rate per unit volume. In low-intensity photoexcitation, the number of trapped 
electrons will be much lower as compared to the trap states i.e. ntrp/Ntrp<< 1. With this 
assumption, the above set of differential equations can be solved analytically to obtain the 
temporal dependence of various carrier densities. For the photocurrent recovery process after 
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Assuming electron mobility (µn) to be much higher than hole mobility, the change in 
conductivity at time t is, 
hot n( ) ( )t n n eσ µ∆ = ∆ +          (13) 
The change in current is proportional to the change in conductivity. Hence, we can write 
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 Fig. 6. Transient response. a n-type Ge NWs of different width, b p-type NW, and c Fitted curve 
of fall time with the experimental data for n-type NWs where the dotted line shows the 
experimental results and the solid line shows the fitted curve. 
where ∆I(0) is the photocurrent at the moment of turning off the illumination. The above 
equations can be used to fit the photocurrent recovery following turning off the illumination. For 
the purpose of fitting the experimental data, we have assumed τth = 1 ps and τr = 10 ns30. The 
results of the fitting for n-type Ge NWs are shown in Fig. 6 (c) along with the transient response 
of Ge NWs in Fig. 6 (a) and (b). The values of the fitting parameters τtrp and τdtrp, which are 
listed in Table 1, clearly shows that τtrp ˂ τdtrp indicates that the free electrons generated as a 
result of illumination is being held by the trap states for more time, which is responsible for the 
NPC in n-type Ge NWs. As long as τtrp ˂ τdtrp, NPC will occur13, 14. Due to higher trapping and 
detrapping time as seen in Table 1, the n-type NWs show very slow photoresponse. In p-type 
NWs, switching speed depends upon the mobility of semiconductor and transit length which 
results in a fast response time. 
Photodetector gain calculations. The internal gain of the n-type and p-type nanowires was 
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Here, Ncarrier is the number of carriers generated in the NW, Nphoton is the number of photons 
absorbed by the NW, Iph is the photocurrent (Idark – Ilight), e is the charge of the electron, h is the 
Planck’s constant, ω is the frequency of the incident light and Pabsorb is the power absorbed by 
the NW. Gain of both n-type and p-type nanowires as function of wavelength of incident light is 
shown in Fig. 7 (a) and (b). As incident photon energy is increased, the gain gradually increases 
and shows a peak at 1200 nm and then decreases. For lower wavelength (400-1200 nm) the 
absorption is high in Ge but at the same time the reflection losses are also high on reducing the 
incident light wavelengths and thus on increasing the wavelength from 400-1200 nm, the gain is 
increasing with reduced reflection losses. For the higher wavelength the absorption of Ge is less 
compared to smaller wavelength (~1200 nm) and thus the gain in low for larger wavelengths 
(1200 nm -1500 nm)33, 34. The factors except Iph are not varying and therefore the trend is similar 
in n-type and p-type Ge NW despite their difference in photoconductive mechanism. 
 
Table 1. Fitting parameters of n-type Ge NWs for different width. 
Nanowire diameter (nm) τtrp (Sec) τdtrp (Sec) 
100 (7.7 ± 0.5)×10-5 11.5 ± 0.1 
80 (1.2 ± 0.2)×10-5 1.34 ± 0.05 




Fig. 7. Wavelength dependent gain of a n-type Ge NWs of different widths b p-type NWs. Very 
high gain of 104 order was observed for n-type and 9 x 103 for p-type Ge NWs. 
Gain of both n-type and p-type nanowires as function of wavelength of incident light is 
shown in Fig. 7 (a) and (b). The maximum gain for both n and p-type devices was observed for 
1250 nm of light. The gain also changes with NW diameter. Effective optical confinement in the 
thinner NWs results them in having higher optical absorption compared to that of thicker wires. 
The carrier dynamics in smaller wire is also affected by surface states and optical energy 
absorption per unit area of the device. The carrier recombination probability under optical 
illumination is reduced in NWs due to the trapping of carriers at surfaces states20, 32. The density 
of accumulated charge carriers 𝛥𝛥𝑛𝑛𝑎𝑎𝑐𝑐𝑐𝑐 at the surface of NWs increases the number of effective 
density �𝛥𝛥𝑛𝑛𝑒𝑒𝑓𝑓𝑓𝑓� of photogenerated carriers by the relation 𝛥𝛥𝑛𝑛𝑒𝑒𝑓𝑓𝑓𝑓 = 𝛥𝛥𝑛𝑛 +  𝛥𝛥𝑛𝑛𝑎𝑎𝑐𝑐𝑐𝑐. The total 
density of surface accumulated carriers is related to nanowire diameter (surface to volume ratio) 
the relation: 






                                                                            (16) 
As the gain of the photodetector depends on the surface accumulated carrier density, diameter 
dependent gain is observed. The smallest diameter NW (40 nm) exhibits the highest 
photoconductive gain of 11,600 as shown in Fig. 7. 
 
CONCLUSION 
To summarize, we have reported diameter dependent negative photoconductive 
phenomenon in n-type Ge NWs and positive photoconductivity in p-type Ge NW for infrared 
light. This phenomenon was confirmed by measuring the contact potential from KPFM analysis 
where the CPD level decreases on account of incident light. The trapping and detrapping time 
calculated from the carrier trapping model suggest the same. NW MSM detector response to 
different wavelengths and intensity of light was investigated. The NW’s were able to detect a 
wide wavelength range of incident light with maximum gain in ~ 104 order. The reported work 
can be made use in optoelectronic devices, specifically among multifunctional memory systems 
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